This paper summarizes one year (April 2011 to March 2012) measurements on planar condensing surfaces of dew and rain events and related physico-chemical characteristics in the urban environment of Paris (city center). Yearly collected water was 3.48 mm for dew (63 events) and 593 mm for rain (146 events). The latter value compares well with rain data (547 mm and 107 events) collected within 12 km at Paris-Orly airport. An estimation of dew yield based on meteo data gives 2.35 mm and 74 events, to be compared with 17.11 mm and 196 events at Paris-Orly. These differences highlight the large reduction in dew events and dew yields in an urban area as compared to a close rural-like area. This reduction is not due to a sky view reduction but to heat island that increases air temperature and decreases relative humidity.
Introduction
Dew is the result of passive condensation of atmospheric water vapor into liquid. The necessary cooling power is provided by the radiation deficit between atmosphere and the condensing support. Dew has not to be confused with fog or rain, constituted of already condensed liquid droplets. With typically less than 70 Wm -2 radiative power available, the maximum yield cannot exceed 0.7 -0.8 lm -2 (Monteith and Unsworth, 1990; Beysens, 1995; 2006; Berkowicz et al., 2004) . This low yield, however, can be a welcome and useful contribution to the biosphere (Zangvil, 1996; Agam and Berliner, 2006; Jacobs et al., 2006; Kidron et al., 2011; Uclés et al., 2013) and to potable water in arid or semi-arid climates (Nilsson, 1996; Beysens and Milimouk, 2000; Kidron, 2000; Beysens et al., 2006a; Lekouch et al., 2012; Tomaszkiewicz et al., 2015; Khalil et al., 2016; Mylymuk-Melnytchouk and Beysens, 2016) , provided that water chemical and biological quality is acceptable (Beysens et al., 2006b; Muselli et al., 2006; Lekouch et al., 2011; Tomaszkiewicz et al., 2015) . It can be also the source of plant disease (Luo and Goudriaan, 2000) and, in urban areas, cause degradation to roofs, cars and generally to any inorganic matter that can be corroded (Rubio et al., 2001 (Rubio et al., , 2002 Xu et al., 2001) . Dew formation is a local phenomenon. The steps governing dew chemical composition are formation on dry deposition solids, dissolution of the soluble portion of the dry deposition by dew water, and sorption of gases into the dew solution.
For any precipitation to fall there is a need for a cloud. Clouds are formed when the relative humidity reaches 100% and with enough hygroscopic nuclei in air so that condensation can take place. Cloud droplets initially grow quickly but to eventually produce precipitation collision / coalescence processes are needed. When drops become heavy enough to overcome air resistance they fall as rain. The chemical composition of precipitation is a result of three different processes: nucleation scavenging (chemical configuration of nuclei determines initial cloud composition), in-cloud scavenging (take up of non-activated particles and trace gases (major important) including chemical reactions within droplets), sub-cloud scavenging (absorption of gases and take up of particles). Not every cloud brings rain and on average a condensation nuclei may undergo many cloud cycling processes including chemical transformation before it comes back to earth surface, often far away from its primary source.
Carbon dioxide plays a special role in the formation of acidity in the atmospheric liquid phase because of its high and constant concentration. An important pathway in alkalinity (carbonate) formation goes via condensation nuclei (nucleation and droplet formation) as well as aerosol scavenging. The last process contributes significantly to sub-cloud scavenging into falling raindrops. The ability to capture particulates is very relevant for dew chemical composition and is strong at the beginning and weakened at the end of the condensation process. The acidity from dissolved CO 2 , SO 2 , and NO x is mostly neutralized by Mg 2+ , Ca 2+ and NH 4 + ; sometimes a slight alkaline character is observed in dew samples. Dew events with the higher ionic concentration occur following long periods without rain.
Uptake of high soluble gases on atmospheric water is very fast and not a question of time.
Cloud cycling processes, microphysical conditions and heterogeneous reactions will influence dew and rain chemistry. When in equilibrium with atmospheric CO 2 , the HCO 3 -concentration is an exponential function of the pH-value. When the pH solutions is higher than 6. In urban environment dew water composition is thus a function of both long range convected atmosphere and locally produced gas and aerosols. Several studies during the last decades have been concerned with dew chemistry in urban areas, in Santiago, Chile (Ortiz et al., 2000; Rubio et al., 2002 Rubio et al., , 2006 Rubio et al., , 2008 , in Japan (Yokohama, Osaka, Tokyo) (Okochi et al., 1996 (Okochi et al., , 2008 Takeuchi et al., 2001; Takenaka et al., 2003) . Research were also carried out in Poland (Gdansk, Krakow, Wroclaw) (Polkowska et al., 2008) , Jordan (Amman) (Jiries, 2001) , Israel (Jerusalem) (Berkowicz et al., 2004) , Bordeaux (France) (Beysens et al., 2006a) , Zadar (Croatia) (Lekouch et al., 2010) and New Delhi (India) (Yadav and Kumar, 2014 The aim of this study is then to determine in the urban environment of the historical center of Paris the volume and occurrence of dew as compared to rain and characterize the main chemicals present in dew and rain water. Such studies have not been performed so far to our knowledge in Paris and appear to be a good starting point to compare with further evolution in relation with air quality improvement and urban heat island.
Measurements and methods

Measurement site
The Dispersion of atmospheric pollutants is thus favored. However, the density of population and activities is quite high. Paris and its neighboring agglomeration concentrate about 90% of the regional population on a little more than 20% of the region area. According to Air Quality in Europe (2016) , the metropolitan area is responsible for more than 75% of the regional NO x emissions, 70% of the hydrocarbons (volatile organic compounds VOC) and 50% of the particles. The NOx emissions of the region represent 10% of the national emissions. The principal sources of pollution are transportation, building heating and industry. Road transportation is responsible for 53% of the nitrogen oxides (NO x ) emissions of the Paris agglomeration, 15% of the VOC and 25% of the particles produced by an important fleet of diesel vehicles. Sulfur dioxide seems to be no longer an issue, due to the emission decrease of industrial activities in the region.
Dew and rain evaluation
In the present study, dew is collected on three planar condensers with same yield at 1m above the floor of the terrace, facing approximatively SW (220° direction, see Fig. 1 Nilsson, 1996 and rain when converted in mm; one assumes that the collection area is the condenser surface area. As dew forms during night, daily water data collected on the condenser was chosen to be the sum of hourly data collected between dd-12:00 and dd+1-12:00. Some small uncontrolled bias might then appear when estimating the rain volume for sample collected at 8:00. 
The length z c (in the present study taken to be 0.1 m) is the roughness length, leading to V 10 ≈ 
The cloud coverage has been estimated from interpolating at 15 min. frequency data taken every 3h. at the airport meteo station Paris-Orly (12km) from the Paris measurement site.
The daily dew yield h (mm/day) is the daily sum of the h 15 , taken every 15 min.: The data obtained during daylight are automatically discarded in the calculation because of the too large difference in T a -T d , making h 15 negative.
Results and discussion
The following analyses were carried out: pH, electric conductivity (EC), chemical analysis for were performed (see the discussion in section 3.4).
Many distributions of trace species coming from natural processes are strongly asymmetric, but they could be symmetrized by a lognormal distribution. The approximated location of the center of the frequency distribution can be determined by different measures. The most common is the arithmetic mean, but very susceptible to high values, especially with small amounts of samples. The median, that is the value being on the middle digit, is more appropriate. The Paris dew and rain data show strong right-skewed (lognormal like)
distributions. The median is thus mostly significant smaller than the arithmetic mean. Very similar to the median is the volume weighted mean (VWM) which takes into account the effect of dilution by the dew or rain water amount and is useful in comparative studies. It can be calculated from
where [X i ] is the concentration of ion X and v i is the water sample volume.
The analysis of correlations between two or several random variables can be performed by the calculation of their coefficient of correlation. This coefficient, the Pearson product-moment correlation coefficient r, is equal to the ratio of their covariance with the non-null product of their standard deviations. The coefficient r is a measure of the linear correlation between two variables X and Y. According to Chok (2008) , this coefficient can be successfully used for analysis of non-normally distributed data as frequently found in this study.
Dew and rain yields
Daily dew and rain data and their summation data are presented on Fig. 2 and the statistics are summarized in Table 1 . Dew yield is the largest in fall, with however a remarkable peak in summer. Both periods experienced a quite sunny period, corresponding to clear nocturnal sky.
The yearly yield (3.48 mm) is low although the sky view factor is large, due presumably to higher temperatures than in Paris neighborhood. As there are no recorded dew data available, no comparison can be made with other years. However, a detailed discussion with comparison of calculated dew yields in Paris and nearby at Paris-Orly airport is given below at the end of the section.
Concerning rain, important rain storms were observed in August. Rain data can be compared to data collected every 3h. at the airport meteo station Paris-Orly, located within 12km from the dew measurement site. The number of rainy days in Paris (146) The data collected on site and those calculated with Eq. 4 are reported in Table 1 and in Fig.   2c where are shown the evolution of measured and calculated cumulated dew values. The numbers of dew days are comparable (measured: 63; calculated: 74), the maximum yields also (measured: 0.19; calculated: 0.17). The yearly sums only differ by 30% (measured: 3.48 mm; calculated: 2.35 mm). However, the calculated data evolution does not fit very well the experimental evolution. The main differences are due to the November (and to lesser extent, August) events, which are not properly taken into account in the model. Cloud cover in downtown Paris is also often smaller than in its suburb. We thus imposed the arbitrary lower mean value (N-1), which indeed gives a better agreement (Fig. 2c) .
It is interesting to compare the calculated dew yields in Paris center and Paris-Orly. The results are reported in Table 1 . The number of dew events (196) is more than two times higher than in Paris (74), the maximum yield also (Paris-Orly: 0.37 mm; Paris: 0.17 mm) and the annual yield is 5 times higher (Paris-Orly: 17.11 mm; Paris: 2.35 mm). This difference cannot be attributed to cloud coverage deviations that lead to a 30% difference nor the sky view factor (however crucial in many urban locations as stressed by Richards, 2002 Richards, , 2005 . It is rather the result of warmer and dryer downtown air (Ye, 2007; Muskała, 2015) thanks to the so-called urban heat island (see Glossary of Meteorology, 2009). In Paris, the urban/rural gap is found between 1 and 6 K and its average for the 10 years 1990-1999 is 3.3 K (Cantat, 2004 ). The contrast is particularly noticeable at night. As a matter of fact, the nightly (21:00 -06:00) yearly mean is Tables 2-3 ).
Conductivity measurements
Dew electric conductivity EC (Tables 2-3 ) takes values in the study period between 26 μS/cm and 478 μS/cm. Volume weighted means, calculated by Eq. 5, is 124 µS/cm. Rain EC values extend from 2.7 μS/cm to 810 μS/cm with a volume weighted mean of 35 µS/cm. One notes that the dew EC mean value is rather large when compared to other studied urban locations in the world, meaning large total dissolved solids TDS (Lekouch et al., 2011; Tomaszkiewicz, 2015) .
Total dissolved solids can be approximated by the formula TDS = k e EC, with TDS in mg/l and EC in µS/cm at 25°C (Atekwana et al., 2004) . The correlation factor k e varies between 0.55 and 0.8. Taking the mean value k e ≈ 0.7 it comes for dew about (volume weighted) 87 mg/l. For rain TDS is about (volume weighted) 24 mg/l, that is, 3.5 times less than dew TDS.
The mean EC and TDS in dew are both higher than those in rain samples, reflecting thus higher total dissolved ions in dew. 
Ion concentrations
Data quality assurance was performed by evaluating (see Tables 2-3) 
with
Comparison is also made with the measured and calculated conductivities, The acceptability criterion is set as ≤ ± 20 % to comply with the requirements of the Global
Atmosphere Watch Program for precipitation chemistry (World meteorological organization EC=0+1.017×EC c with r=0.99 (dew) and EC = 3.14 + 1.039×EC c with r=0.99 (rain).
A nearly equalized balance is highly valuable but is not a strong evidence for a true or complete analysis. Errors may compensate each other in data quality and even more in missing ionic species. The ions which unfortunately were not measured during our study ( For dew water mean values from 0.05 meq/l (Alebić-Juretić and Sojat, 1998) and even 0.25 meq/l (Polkowska et al., 2008) were found. Yadav and Kumar (2014) found that in Delhi ammonium plays a dominant role in the acidity neutralization of dew and rain.
In our study the difference in the total concentrations of measured positive and negative charge balance is very low. One could thus speculate that ammonium plays a minor role as neutralizing component in rain and dew water in Paris as compared to the non-sea-salt base cations concentration, which contributes within about 40 % to the TIC. The minor ions (iron, copper, cadmium, manganese, lead, zinc, lead, nitite, brominate, fluorine) are in small quantity in both dew and rain water. In rain water, nitrite is quite low, with only 11 data above the detection level. As usual, nitrite concentration is somewhat higher for dew samples, due to its formation mainly by heterogeneous gas reactions occurring on wetted surfaces (Alicke et al., 2003; Acker et al., 2005 Acker et al., , 2008 . Lead, usually caused by the road traffic, exhibits a small value, corresponding to the removal of lead in car fuels.
The distribution of major ions in both rain and dew are similar, with (dew and rain) Ca 2+ > Na + > K + > Mg 2+ and (dew) SO4 2-> NO3 -> Cl -and (rain) SO4 2-≈ NO3 -> Cl -. However, ion concentrations in dew are about 4 times higher than in rain, in agreement with the calculation of TDS from the EC's as performed above in section 3.3 where a factor 3.5 is found. The dominant cation in both dew and rain is Ca 2+ . Its probable source is dust of the ground suspended in the low layers of the atmosphere but also the particles of the surrounding medium brought to the surface of the condenser by the wind. The main source of Ca 2+ is the abrasion of streets and sidewalks, weathering of plasters as well as building activities (Polkowska et al., 2008) . Ions Na + and Mg 2+ are from marine origin, due to the strong oceanic influence in Paris (180 km from the ocean), as is also discussed below in section 3.6. The origin of potassium can be found in the presence of large agricultural areas around Paris.
Ions SO 4 2-and NO 3 -reveals pollution in dew and rain, coming from the local urban anthropogenic contributions. Sulfate, beyond the marine contribution (see below section 3.6), is of anthropogenic origin (combustion of sulfated fossil fuels), alike nitrates (road traffic).
Chloride is from marine origin (see below section 3.6).
It is interesting to note in Tables 
Correlation anions-cations
The correlation between ions in dew and rain are presented in Table 4 . The analysis of these correlations highlights the possible relations between two or several random variables. A measurement of this correlation is obtained by the calculation of their coefficient of correlation, r (see section 3), which is a measure of the linear correlation between two variables X and Y. According to Chok (2008) , this coefficient can be successfully used for analysis of non-normally distributed data. Then Table 4 data indeed represents a measurement of the goodness of linear correlation. The coefficient of correlation lies between -1 and 1:
The results are listed in Table 4 . 
Marine contribution
In order to measure the marine contribution of dew and rain ions, the sea salt fraction (SSF) and non-sea-salt fraction (NSSF) of marine salts were calculated. The totality of Na+ considered of sea origin is the principal reference of the present calculation (Keene et al., 1986; Kulshrestha et al., 1996; Al Obaidy and Himanshu Joshi, 2006) as well as the ionic concentration of sea water given by Riley and Chester (1971) . The parameters SSF and NSSF are thus calculated from the following equations:
Here X is the concentration of ions as measured in dew and rain water, (X sea ) is the concentration of the sea water ions, and (Na sea ) the concentration of the sodium ion taken as a Here X is the species responsible for neutralization ( Table 6 . Neutralization factor (NF).
It is thus interesting to plot ( The physico-chemical analysis of 34 dew and 77 rain samples show that dew and rain pH are nearly neutral with however rain being slightly more acidic than dew. This is in agreement with its lower neutralization factor. The mean dew total ionic content (TIC 1.8 meq/l) and EC It is interesting to note that, although being collected in strongly urbanized environment, both dew and rain water quite generally respect the requirements of WHO for drinking water. This result is encouraging as it indicates that rain and dew water could be exploited at a certain level.
